A new type of composites, three-dimensional silica fibre fabric reinforced silicon nitride-based composites, were prepared by PIP method through repeated infiltration of polyhydridomethylsilazane and pyrolysis at 773-873K in ammonia atmosphere. The density of the composites reached 1.66g/cm 3 after four PIP cycles, and the flexural strength was 56.3 MPa. The composites showed a near-brittle fracture mode without long fibre pull-out in the fracture surface. It was the relatively strong fibre/matrix interface bonding that led to the moderate mechanical property.
INTRODUCTION
In recent years, increasing attention has been directed to high performance ceramic matrix composites fabricated by polymer infiltration and pyrolysis (PIP) method through various preceramic precursors [1] [2] [3] . The main advantages of PIP route are as follows: (1) there is little damage to the reinforcement because of the low temperature firing; (2) There is no aid in firing, so high purity and homogeneous ceramic matrices are readily obtained; (3) Can be applied to complex and near-net shaped parts. During the last years, different continuous fibre reinforced silicon nitride matrix composites have been developed, such as C f /Si 3 N 4 , SiC f /Si 3 N 4 , Si-N f /Si 3 N 4 and Si-B-O-N f / Si 3 N 4 composites [4] [5] [6] . Although silica fibre, with excellent ablation and thermal shock resistance, is an ideal candidate for preparing thermal protection composites in spacecraft, yet to date few paper has been published on continuous silica fibre reinforced non-oxide ceramic matrix composites.
In the previous study [7] , we have prepared threedimensional silica fibre reinforced silicon nitride composites by PIP method using perhydropolysilazane as precursor. In the present work, another preceramic polymer, polyhydridomethylsilazane, was used to fabricate three-dimensional silica fibre fabric reinforced silicon nitride-based composites, and the densification behaviour, mechanical properties and microstructure of the composites were investigated.
EXPERIMENTAL 2.1 Raw materials
Silica fibres, produced by Jingzhou Feilihua Quartz Glass Corporation with the properties shown in Table  1 , were woven into three-dimensional four-directional fabric (see Fig.1 
PREPARATION OF THE COMPOSITES
Three-dimensional silica fibre reinforced silicon nitride-based composites (denoted as 3D-SFSN) were prepared according to the following stages. Firstly, the fibre preform was pretreated and infiltrated with precursor in vacuum. Then, the preform filled with precursor was cured at 423-523K for 3-5h in an inert atmosphere. Finally, the cured preform was pyrolysed at 773-873K in ammonia atmosphere (99.999% purity, Guangming Special Gas Corp., Dalian, China). The infiltration-cure-pyrolysis cycles were repeated for four times to densify the composites. 
RESULTS AND DISCUSSION
FT-IR spectrum of PHMS is shown in Fig.2(a) . The absorbance peaks were respectively centred at 3380/ 1176 cm
and 930 cm -1 (Si-N-Si) [9] . Under the pyrolysis condition for preparing 3D-SFSN composites, PHMS-derived product (i.e., the matrix for the composites) showed a near ceramic state with disappeared or extremely weak absorption peaks of N-H, C-H 3 , Si-H and Si-CH 3 , but strong peaks in the vicinity of 930cm -1 assigned to asymmetric Si-N-Si vibration in the infrared spectrum (see Fig.2(b) ). As shown in literature [10] , carbon containing polysilazanes could gave low-carbon nearstoichiometric silicon nitride ceramic when pyrolysed in reactive ammonia atmosphere, and the carbon removal was extremely effective at 673-873K. In the present study, PHMS-derived ceramic product under 773-873K in anhydrous ammonia was whitish in colour, and the elemental analyse gave a nearstoichiometric empirical composition of Si 3.00 N 4.14 C 0.03 O 0.12 H 2.34 (Si, 57.1 wt%; N, 39.4 wt%; C, 0.3 wt%; O, 1.4wt%; H, 1.6 wt%) with a ceramic yield of 70-75wt%.
During the preparation of 3D-SFSN composites, high pyrolysis temperature is required for the complete ceramizatin of the precursor. However, on the other hand, high temperature usually leads to serious degradation of the silica fibres. H. Chen and coauthors stated that appropriate heat treatment temperature for silica fibre fabric was no more than 973K [11] . Besides the effect of temperature, the atmosphere can not be ignored in the preparation of 3D-SFSN composites. To obtain low-carbon nearstoichiometric Si 3 N 4 matrix from polysilazanes, ammonia atmosphere is usually adopted due to its good carbon removal ability [12] [13] . Therefore, the present 3D-SFSN composites were prepared at 773-873K in ammonia atmosphere, thus resulting in little degradation of silica fibres and near-ceramic state PHMS-derived silicon nitride matrix.
The densification curve of 3D-SFSN composites is shown in Fig.3 . The density of the composites reached 1.35 g/cm 3 after the first PIP cycle, and the density increasing became slower in the following cycles until the final density of 1.66 g/cm 3 after 4 cycles, which was about 82% of the theoretical density. The precursor, with low viscosity and good wettability, was well infiltrated among the inter-and intra-yarns of the silica fibre preform (see Fig.5 ). However, under the pyrolysis condition (low temperature and reactive ammonia), the as-received 3D-SFSN composites 
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showed a moderate density.
The displacement-load curve of 3D-SFSN composites is illustrated in Fig.4 . The fracture behaviour was a near-brittle failure mode with certain loadmaintaining ability in the vicinity of the maximum load followed by a sudden decrease. The flexural strength was 56.3 MPa, and the elastic modulus was about 16.2 GPa. As seen in the SEM photographs of the fracture surface of 3D-SFSN composites (Fig.5) , there was some fibre/matrix micro-debonding but without long fibre pull-out, and the fibre/matrix interface bonding was a little strong, which was probably due to the chemical reaction of silica fibres and PHMS-derived silicon nitride matrix during pyrolysis, thus limiting the reinforcement ability of silica fibres.
As shown in literature [11, [14] [15] , the flexural strength of 3D silica/silica composites was just about /RDG N1 P P P P P P P P 35-75MPa, and it was very difficult to prepare high strength ceramic matrix composites reinforced by continuous silica fibres due to fibre degradation or strong interfacial reaction, which could also be seen in the present study. Although the flexural strength of the present 3D-SFSN composites was not ideal, it was 24% higher than the strength of the composites prepared at 873K with perhydropolysilzane-derived Si 3 N 4 matrix in our previous work [7] . The difference in the mechanical properties may result from the different reactivity of the precursors. To acquire high strength 3D-SFSN composites, some coatings (such as Al 2 O 3 coating) on silica fibres may be effective to suppress the strong chemical reaction of fibre/matrix interface and improve the mechanical properties. A thorough study on these problems is still in progress now.
CONCLUSIONS 3D-SFSN composites were prepared through
Gong-jin Qi, Chang-rui Zhang, Hai-feng Hu, Chang-cheng Zhou polyhydridomethylsilazane infiltration and pyrolysis at 773-873K in ammonia atmosphere. The densification behaviour, mechanical properties and microstructures were investigated, and the following conclusions can be drawn from the present investigations:
(1) Polyhydridomethylsilazane, with low viscosity and high infiltration efficiency, was suitable for preparing silica fibre fabric reinforced silicon nitridebased composites by PIP process, and the density of the as-received composites reached 1.66g/cm 3 after 4 PIP cycles.
(2) The fracture behaviour of silica fibre fabric reinforced silicon nitride-based composites was a near-brittle failure mode without long fibre pull-out or fracture, and the interfacial bonding was a little strong. The flexural strength of the composites was 56.3 MPa, and the elastic modulus was about 16.2 GPa.
